
LLNL-‐PRES-‐563700	  
This	  work	  was	  performed	  under	  the	  auspices	  of	  the	  	  
U.S.	   Department	   of	   Energy	   by	   Lawrence	   Livermore	  
Nat iona l	   Laboratory	   under	   cont ract	   DE-‐
AC52-‐07NA27344.	   Lawrence	   Livermore	   National	  
Security,	  LLC	  

TAUP	  2013	  
September,	  2013.	  Asilomar,	  CA.	  



Lawrence Livermore National Laboratory 
LLNL-‐PRES-‐563700	  

J. Ruz    TAUP 2013     Asilomar, CA. 

§  Axions:	  	  
—  Motivation,	  models,	  phenomenology	  and	  cosmology	  	  

§  Solar	  axions:	  the	  CAST	  experiment	  
—  Detection	  of	  solar	  axions	  
—  The	  coherence	  condition	  
—  Results	  
—  Present	  data	  taking	  

§  IAXO:	  the	  next	  generation	  

§  Conclusions	  
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§  Peccei-Quinn solution to the strong CP problem 
• 	  New	  U(1)	  symmetry	  introduced:	  	  
	  

− Peccei	  Quinn	  symmetry	  of	  scale	  fa 

− The	  AXION	  appears	  as	  the	  Nambu-‐Goldstone	  boson	  of	  the	  
	  	  	  spontaneous	  PQ	  symmetry	  breaking	  

θ	  absorbed	  in	  	  
the	  definition	  of	  a 

θ = a/fa	  relaxes	  to	  zero…	  	  
CP	  conservation	  is	  preserved	  “dynamically”	  

“Axion	  lagrangian”	  
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§  Axion-photon conversion in the presence of an 
electromagnetic field (Primakoff effect) 

This	  EM	  field	  can	  be	  	  
• 	  an	  artificial	  magnetic	  field	  
• 	  the	  Coulomb	  field	  of	  the	  
plasma	  in	  the	  core	  of	  a	  star	  
• 	  the	  periodic	  E	  field	  of	  a	  
crystalline	  structure	  
• 	  …	  
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§ Axion	  decay	  constant	  
§ The	  axion	  mass	  and	  the	  scale	  of	  the	  interaction	  are	  closely	  related	  

§ The	  nature	  of	  axion	  implies	  they	  must	  interact	  with	  hadrons	  and	  photons	  

	  

	  

§ GUT	  motivated	  axion	  models	   suggest	   that	   axions	   can	  also	   significantly	  
interact	  with	  	  leptons	  
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Ø Hadronic	  axion	  models	  

Ø Non-‐hadronic	  axion	  models	  
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§  Axions could be produced in the early Universe by a 
number of processes: 

•  Axion realignment 
•  Decay of axion strings 
•  Decay of axion walls 

 
•  Thermal production 

NON-‐RELATIVISTIC	  
(COLD)	  AXIONS	  
Cold	  Dark	  Matter	  	  
(CDM)	  candidate	  

RELATIVISTIC	  
(HOT)	  AXIONS	  
Hot	  Dark	  Matter	  	  
(HDM)	  candidate	  
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§  Axions	  can	  be	  produced	  in	  the	  core	  of	  stars,	  	  
	  like	  the	  Sun,	  by	  Primakoff	  conversion	  	  
	  of	  plasma	  photons.	  

	  

§  Axion	  decay	  may	  produce	  γ-‐ray	  emission	  lines	  originating	  from	  
certain	  places	  (e.g.,	  galactic	  center).	  

	  

§  Axions	  may	  have	  a	  wider	  impact:	  
	  	  	  	  	  	  	  The	  cooling	  of	  white	  dwarfs	  
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Figure 1: Comprehensive axion/ALP parameter space, highlighting the three main front lines of direct
detection experiments: laser-based laboratory techniques, helioscopes (solar ALPs and axions), and halo-
scopes (dark matter axions). The blue line corresponds to the current helioscope limits, dominated by
CAST [44, 45] for practically all axion masses. Also shown are the constraints from horizontal branch
(HB) stars, and hot dark matter (HDM). The yellow “axion band” is defined roughly by mafa ∼ mπfπ
with a somewhat arbitrary width representing the range of realistic models. The green line refers to
the KSVZ model. The orange parts of the band correspond to cosmologically interesting axion models:
models in the “classical axion” window possibly composing the totality of DM (labelled “CDM2”) or
a fraction of it (“CDM3”). The anthropic window (“CDM1”) correspond to a range unbound on the
left and up to 1 meV. For more generic ALPs, practically all the allowed space up to the red dash line
may contain valid ALP CDM models. Finally, the two astrophysical “hints” mentioned in the text are
indicated by dashed square regions (blue for the white dwarfs and grey for the transparency hints)
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§  Laboratory	  axions	  
à 	  Shining-‐Light-‐through-‐Walls	  
	  	  	  	  	  (OSQAR,	  LIPSS,	  ALPS)	  
	  

à 	  Polarization	  	  
	  	  	  	  	  

	  	  	  	  	  (PVLAS)	  	  
	  

§  Solar	  axions	  
à 	  Crystals	  
	  	  	  	  (SOLAX,COSME)	  
	  

à 	  Helioscopes	  
	  	  	  	  (Tokyo,	  CAST)	  

§  Halo	  axions	  	  	  
	  	  	  	  	  	  (relics)	  

à 	  Haloscopes	  
	  	  	  	  (ADMX,Carrack)	  
	  

à 	  Telescopes	  
	  	  	  	  (Haystack)	  	  

CDM  
“classical window” 

Vaxuum mis. + defects 

White  
Dwarfs 

CDM  
Defects dominate 
hep-ph/1202-5851 
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§  First axion helioscope proposed by P. Sikivie 

•  Blackbody photons (keV) in solar core can be converted into axions in the 
presence of strong electromagetic fields in the plasma 

•  Reconversion of axions into x-ray photons is possible in strong laboratory 
magnetic fields 

 

 

§  Idea refined by K. van Bibber et al. by using buffer gas to restore 
coherence over long magnetic field 

Sikivie  PRL 51:1415 (1983) 

Van Bibber et al. PhysRevD 39:2089 (1989) 
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The	  axion	  mass	  band	  for	  which	  a	  Primakoff	  based	  experiment	  is	  sensitive	  can	  
be	  extracted	  from	  the	  coherence	  condition	  

The	  converted	  photons	  may	  acquire	  an	  
effective	  mass	  in	  the	  presence	  of	  gas	  

extending	  the	  axion	  mass	  sensitivity	  range	  of	  
an	  experiment	  	  that	  has	  a	  fixed	  magnet	  

length	  

Axion-‐to-‐photon	  conversion	  in	  the	  presence	  
of	  a	  nearly	  homogeneous	  	  magnetic	  field	  B	  is	  
only	  effective	  when	  the	  polarization	  plane	  is	  

parallel	  to	  the	  incident	  particle	  

Coherence	  Condition	  

Conversion	  Probability	  
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§  Decommissioned	  LHC	  test	  magnet	  (L=10	  m,	  B=9	  T)	  
§  Moving	  platform	  ±8°V,	  	  ±40°H	  (allows	  3	  hours/day	  of	  solar	  tracking)	  
§  4	  magnet	  bores	  to	  look	  for	  x-‐rays	  from	  axion	  conversion	  	  
§  X-‐ray	  focusing	  system	  to	  increase	  signal/background	  ratio	  

13 
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§ Primakoff	  production	  of	  axions	  in	  the	  Sun	  

14 

§  	  No	  significant	  signal	  observed	  
§  Typical	  upper	  limit	  
§  	  Touching	  KSVZ	  benchmark	  

Expected	  axion	  flux	  from	  the	  Sun	  as	  function	  of	  
energy.	  

à Solar	  Physics	  +	  Primakoff	  effect:	  	  
	  	  	  	  only	  one	  unknown	  parameter	  g10	  

Serpico&Raffelt,  
based on SSM BP2004 of Bahcall et al. 
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§  	   To	   date,	   interpretation	   of	   solar	   axion	   experimental	  
results	   has	   looked	   at	   photon-‐axion	   coupling:	   	   hadronic	  
models	  

	  
	  

But	  we	  know	  that	  other	  processes	  might	  be	  at	  play	  ...	  
	  

!"#$%&'()*'

!"#$%&'()*+,-.%/)-0%+010*+%23&%/41+&5%%6704 !8%910:1+5%81;%<=><5%?@"@%A1:(B1 &0%1)%%%%%%%C

+,-./$01#/,2,-.13$0/45$6,57$8429,-#:$:.5.;
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q Vacuum	  Phase	  
	  

	  Phys.Rev.Lett.94:121301,	  2005	  
	  JCAP	  04	  (2007)	  010	  

q 4He	  Phase	  
	  

	  	  JCAP	  02	  (2009)	  008	  
q First	  Results	  from	  3He	  Phase	  	  
	  

	  	  Phys.Rev.Lett.	  107:261302,	  2011	  
q Preliminary	  analysis	  of	  rest	  3He	  Phase	  

	  Submitted	  to	  PRL	  [arXiv:1307.1985]	  	  
	  	  	  	  	  	  

0.65 eV !ma !1.18 eV

0.39 eV !ma ! 0.65 eV

ma ! 0.02 eV

0.02 eV !ma ! 0.39 eV
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§ Primakoff	  and	  electron	  production	  of	  axions	  in	  the	  Sun	  

ga! =1!10
-12GeV-1

gae =1!10
-13

§  No	  significant	  signal	  observed	  
§  White	  Dwarf	  compatible?	  

Total	  
Compton+Bremsstrhalung	  

Bremsstrhalung	  
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Figure 3. Constraints on gae and gaγ for ma ! 10 meV. The region above the thick black line
is excluded by CAST. The gray region is excluded by solar neutrino measurements. In the vertical
orange band, axion emission strongly affects white dwarf cooling and the evolution of low-mass red
giants; parameters to the right of this band are excluded. Likewise, helium-burning stars would be
perceptibly affected in the horizontal blue band; parameters above it are excluded.

and higher temperature of the core. The most stringent constraint derives from the agreement
between the predicted and observed solar boron neutrino flux [55], excluding the gray region
depicted in figure 3 (labeled Solar ν). Thus our bound is completely self-consistent up to
gae = 3 × 10−11, in contrast to those solar axion searches utilising Bragg scattering [56–59]
which have more limited sensitivity [60].

In order to put our results into context we also show in figure 3 two color bands rep-
resenting parameters where axion emission would have a strong impact on stellar evolution.
In the vertical orange band of gae values, axion emission would strongly affect WD cool-
ing [37–44] and delay helium ignition in low-mass red giants [45, 46]. The exact range of gae

values that is consistently ruled in or ruled out by these arguments remains to be studied in
detail, but for sure parameters to the right of this band are excluded. Within the horizontal
blue band, axion Primakoff emission would strongly affect stars in the helium-burning phase.
The upper edge of this band corresponds to the traditional horizontal-branch star limit, the
remaining range represents a new argument concerning the blue-loop suppression during the
helium-burning phase of massive stars [52].

The orange band cuts the CAST constraint in its horizontal part which corresponds to
the Primakoff flux dominating the solar flux, but very close to the values gae ∼ 10−12 where
the BCA flux starts to dominate. Therefore, CAST cannot shed any further light on the WD
cooling hypothesis. However, a next-generation helioscope such as IAXO with its improved
sensitivity to gaγ will also benefit from the large BCA-emitted flux and will improve over the
RG bound in part of the parameter space. In principle, the WD cooling hypothesis is then
testable in a laboratory experiment.

After having presented our results and main messages, the rest of the paper is devoted
to elaborate on our definitions, assumptions, and analysis method. In section 2 we give a
brief account of axion theory, we further examine the implications of our findings, and finally

– 4 –
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§  Extraction	  of	  a	  limit,	  a	  generic	  limit	  can	  be	  expressed	  as	  
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§  Current	  CAST	  science	  program	  approved	  by	  CERN,	  runs	  through	  2014	  	  

§  Schedule	  for	  the	  near	  future	  
•  Re-‐visit	  4He	  phase	  (2012)	  and	  vacuum	  phase	  (2013-‐14):	  	  

New	  detectors	  (lower	  background,	  better	  performance)	  à	  higher	  sensitivity	  

New	  optics	  	  à	  increased	  discovery	  potential	  	  

•  Improve	  present	  limits	  

•  Study	  axion-‐electron	  coupling	  gae	  

	  Direct	  access	  to	  DFSZ	  models	  

•  Possible	  access	  to:	  

•  Exotica	  
–  Paraphotons,	  chameleons,	  low	  energy	  axions	  

18 
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§  Re-‐visit	  4He	  phase	  (finished	  2012)	  
§  Re-‐visit	  vacuum	  phase	  (2013-‐14)	  

q  Better	  detectors,	  new	  optics	  àhigher	  sensitivity	  and	  
increased	  discovery	  potential	  (red	  line)	  

q  Probing	  standard	  KSVZ	  model	  (green	  line)	  

19 
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§  Challenge:	  	  move	  a	  25-‐meter	  long	  structure	  (15	  m	  for	  the	  magnet,	  another	  
10	  m	  for	  the	  x-‐ray	  telescopes)	  that	  weighs	  200	  tons	  

§  Solution:	  	  borrow	  from	  other	  heavy-‐industry	  and	  ground-‐based	  astronomy	  

Randy Hill, LLNL 

IAXO: the next generation 

22 
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Figure 18: Close-up of the high mass part of parameter space of Fig. 17 (1 meV < ma < 1 eV).

the anomalous cooling observed in white dwarfs as was explained in section 2.4 .

Indeed, non-hadronic axions models such as that of DSFZ have particular phenomenological con-

sequences. They couple to electrons at tree level, and this opens axion-production channels in stars

which are much more effective than the Primakoff process [103]: electron-ion bremsstrahlung, electron-

electron bremsstrahlung, Compton,axio-recombination and, to a lesser extent, axio-deexcitation of ions

(together referred to BCA reactions). As seen in figure 2, for this kind of models, the flux of solar axion

produced via BCA processes may be up to 102 times larger than the standard Primakoff axions, pro-

viding a relevant opportunity to be searched for at helioscopes [103]. The energies of these axions are

somehow lower than the Primakoff ones, falling in the range of about 0.5-2 keV. Provided the threshold

of the IAXO optics and detectors is low enough, something that it is technically feasible if taking into

account at design time, competitive sensitivity to these models can be reached.

In this case the expected signal depends on gaegaγ , the product of the electron coupling (responsible

for the production in the Sun) and the two-photon coupling (responsible for the detection in IAXO). The

plot on the left of fig. 19 shows the computed sensitivity of IAXO to the product gaegaγ assuming that

the Primakoff emission from the Sun is subdominant and therefore the solar flux is caused by the BCA

reactions alone. The computation is performed in a similar way and with the same assumed parameters

than in previous section. The additional input is that energy threshold for both detectors and optics is

set at 0.5 keV, with background and efficiencies comparable to the ones in previous section down to this

threshold. IAXO could be able to constrain

gaγgae < 8.1× 10−23GeV−1 (95% CL) (10)

at low masses ma � 10 meV — where the probability of axion-photon conversion in CAST becomes
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§  Factor 8 to 30 better in gaγ 
(4000 to 106  in signal 
strength!!) 

Conservative	  scenario	  

Realistic	  scenario	  

Irastorza et al. IAXO Letter of Intend 
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Large	  parts	  of	  the	  QCD	  favored	  
models	  could	  be	  explored	  in	  the	  

coming	  decade	  with	  IAXO	  
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§  QCD axions at masses ~meV seem 
out of reach even for an improved 
axion helioscope…  

BUT 

§  Non-hadronic models for axions 
provide extra axion emission from 
the Sun through axion-electron 
compton and bremsstrahlung 
processes 

 

IAXO	  could	  improve	  current	  CAST	  
sensitivity	  to	  non-‐hadronic	  axions	  by	  
about	  3	  orders	  of	  magnitude	  	  
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Figure 19: Left: IAXO constraints on gaegaγ as a function of ma, assuming the solar emission is domi-
nated by the BCA reactions which involve only the electron coupling gae. Right: Constraints on gae and
gaγ for ma � 10 meV. The region above the thick black line is excluded by CAST. The gray region is
excluded by solar neutrino measurements. In the vertical orange band, axion emission strongly affects
white dwarf cooling and the evolution of low-mass red giants; parameters to the right of this band are
excluded. Likewise, helium-burning stars would be perceptibly affected in the horizontal blue band;
parameters above it are excluded.

independent of the mass — and worsens as 1/m2
a for higher masses.

If we also include the Primakoff flux (which is unavoidable because it is produced by the same
coupling gaγ involved in the detection), the signal at IAXO depends on three parameters: gae, gaγ and
ma. However, for ma � 10 meV the detection is independent of mass and we can plot our results in
the gae–gaγ parameter space. In this low-mass range, Run-I gives the strongest constraints and thus we
have focused only on this data set. The analysis, based on a two-free parameter likelihood method is
able to exclude the region above the thick black line in plot on the right of figure 19. For very small
values of gae � 10−12, the BCA flux is negligible and the IAXO line smoothly becomes the standard
one of previous section where only Primakoff emission was assumed. However, for larger values of gae
the BCA flux becomes dominant and we recover the bound 10.

In order to put our results into context we also show in figure ?? two color bands representing
parameters where axion emission would have a strong impact on stellar evolution. In the vertical orange
band of gae values, axion emission would strongly affect WD cooling [?, 67, ?, 130, 65, 66, ?, ?] and
delay helium ignition in low-mass red giants [?, ?]. The exact range of gae values that is consistently ruled
in or ruled out by these arguments remains to be studied in detail, but for sure parameters to the right of
this band are excluded. Within the horizontal blue band, axion Primakoff emission would strongly affect
stars in the helium-burning phase. The upper edge of this band corresponds to the traditional horizontal-
branch star limit, the remaining range represents a new argument concerning the blue-loop suppression
during the helium-burning phase of massive stars [?].

[Paragraph interpreting the IAXO line] For the first time, IAXO could directly measure the solar flux
of axions produced by the very same mechanism invoked for WDs, with sufficient sensitivity to gae to
test the hypothesis that the cooling of WD is enhanced by axion emission.
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§  CAST	  has	  effectively	  been	  taking	  
data	  since	  fall	  2002:	  

§  CAST	  PRL2004	  most	  cited	  experimental	  
paper	  in	  axion	  physics.	  Sensitivity	  in	  gaγ	  up	  
to	  10-‐10GeV-‐1	  for	  a	  wide	  axion	  mass	  range:	  
0-‐1.18eV	  

§  During	  	  2012,	  CAST	  revisited	  axion	  masses	  
from	  0.02	  to	  0.39	  eV	  with	  improved	  
sensitivity	  during	  2012.	  

§  Ongoing	  data	  taking	  will	  set	  improved	  limits	  
on	  	  solar	  axion	  for	  masses	  below	  0.02	  eV	  	  

§  IAXO	  is	  the	  next	  generation	  helioscope.	  	  

§  No	  other	  technique	  can	  realistically	  improve	  CAST	  in	  the	  wide	  axion	  mass	  range	  from	  
0-‐1.18eV	  with	  gaγ	  sensitivity	  up	  to	  10-‐12GeV-‐1	  
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b = background     s = spot size            B = magnetic field             t = time 
ε = efficiency     ε0= efficiency  L  = magnet length 

   A  = cross-sectional area 
 

 

 

 

MAGNET X-RAY 
OPTICS 

X-RAY 
DETECTORS 

12/1b −ε ( ) 12ABL −−4
ag γ ×× ×∝ 1

0
2/1s −ε

2/1t−

detectors optics magnet exposure 

Three technologies impact sensitivity 
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Outline

1. Introduction

2. Towards a IAXO magnet 

3.  An initial concept:
a. Structure
b. Margins
c. Conductor
d. Services

4. Concept summary

12 ינויב 21 ,ישימח םוי

Total	  Radius 	   	  =	  2	  m	  
Bore	  diameter	   	  =	  600	  mm	  
Number	  of	  bores	   	  =	  8	  
Peak	  field 	   	  =	  6	  T	  
Stored	  Energy 	  =	  500	  MJ	  
MFOM	   	   	  =	  300	  

§  CAST has one of the best existing magnets than one 
can “recycle” for axion physics (LHC test magnet) 

§  Only way to make a step further is to build a new 
magnet, specifically conceived for axions. 

§  Toroidal magnet configuration (ATLAS-like magnet) 
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§  X-‐ray	  optics	  are	  critical	  to	  high-‐sensitivity	  solar	  axion	  
experiments,	  since	  they	  greatly	  reduce	  the	  size	  of	  
the	  x-‐ray	  detector,	  which	  in	  turn,	  reduces	  the	  overall	  
background	  

§  Without	  an	  optic,	  the	  detector	  would	  have	  to	  be	  as	  
large	  as	  the	  magnet	  bore;	  	  with	  an	  optic,	  it	  is	  possible	  
to	  achieve	  a	  reduction	  in	  area	  by	  at	  least	  a	  factor	  of	  
100×	  

§  For	  CAST,	  the	  size	  of	  the	  optic	  is	  limited	  by	  existing,	  
unchangeable	  physical	  	  infrastructure	  (e.g.,	  exterior	  
walls	  and	  support	  structures)	  

§  We	  need	  the	  ability	  to	  construct	  inexpensive	  and	  
high-‐quality	  optics	  of	  various	  configurations	  	  

ABRIXAS	  flight-‐spare	  telescope	  
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§  Goal:  
§  At least 10-7 cts/(keV×cm2×s), down 

to  10-8 cts/(keV×cm2×s)	  if possible 

§  Work ongoing: 
§  Experimental tests with current 

detectors at CERN, Saclay & 
Zaragoza 

§  Especially: underground setup at 
Canfranc Underground Lab 

§  Simulation works to build up a 
background model 

§  Design a new detector with 
improvements implemented 

31 

Backgrounds	  around	  2×10-‐7	  cts/(keV×cm2×s)	  	  
with	  improved	  shielding	  
×30	  better	  than	  CAST	  
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§  Dark Matter axions stimulated by a 
magnetic field, decay into microwave 
photons which resonate in the cooled 
cavity and are amplified and read out 

§  The measurement is enhanced if the 
photon’s frequency corresponds to the 
cavity’s resonant frequency 

Sikivie  PRL 51:1415 (1983) 

§  You want: 
-  Large cavity volume 
-  High magnetic field 
-  High cavity Q 

§  You don’t want: 
-  Large thermal noise 
-  High amplifier noise 
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s
n
=
Psig
kTs

!
t
"!

* Dicke, 1946!

Integration	  time	  limited	  to	  
~	  100	  sec	  

System	  noise	  temp.	  now	  

TS	  =	  T	  +	  TN	  	  ~	  1.5	  +	  1.5	  K	  

But	  	  TQuant	  	  ~	  30	  mK	  

HAVE	  INVESTED	  HERE!	  

~	  	  10–23	  watts	   But	  magnet	  size,	  
strength	  B2V	  ~	  $	  

Psig ! B2V "Qcav( ) ga!2 ma!a( )
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Based	  on	  Janis	  750	  model	  
Dilution	  refrigerator	  will	  allow	  to	  reach	  much	  
colder	   temperatures,	   increasing	   scanning	  
speed	  tremendously	  

§  Cryogenics	  being	  design	  by	  U.	  of	  Florida	  

34 
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Stage! Phase 0" Phase I" Phase II"

Technology!
HEMT;"
Pumped"
LHe"

Replace"
w. SQUID"

Add "
Dilution"
Fridge"

Tphys! 2 K" 2 K" 100 mK"

Tamp	
 2 K" 1 K" 100 mK"

Tsys =  Tphys + 
Tamp!

4 K" 3 K" 200 mK"

Scan Rate!
∝ (Tsys ) 

–2
 !

1 @ KSVZ" 1.75 @ KSVZ" 5 @ DFSZ"

Sensitivity 
Reach!

g 
2 ∝ Tsys 

!
KSVZ" 0.75 x KSVZ" DFSZ"

OR	   AND	  !	  
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§  Cavity resonant frequency is tuned 
by two movable rods 

§  Power spectra are measured at 
each rod configuration 

§  Axion signal would appear as a 
constant power excess 

§  Most backgrounds do not persist 
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SQUID Amplifier operational (shielded) in high field region 860-890 
MHz data yields similar limit, publication in progress 

Covered 812-860 MHz = 48MHz 
Total run time: 19 months 
Continuous data collecting: 8 months 

SQUID-Based Microwave Cavity Search for Dark-Matter Axions

S. J. Asztalos,* G. Carosi, C. Hagmann, D. Kinion, and K. van Bibber
Lawrence Livermore National Laboratory, Livermore, California 94550, USA

M. Hotz, L. J Rosenberg, and G. Rybka
University of Washington, Seattle, Washington 98195, USA

J. Hoskins, J. Hwang,† P. Sikivie, and D. B. Tanner
University of Florida, Gainesville, Florida 32611, USA

R. Bradley
National Radio Astronomy Observatory, Charlottesville, Virginia 22903, USA

J. Clarke
University of California and Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

(Received 27 October 2009; published 28 January 2010)

Axions in the !eV mass range are a plausible cold dark-matter candidate and may be detected by their

conversion into microwave photons in a resonant cavity immersed in a static magnetic field. We report the

first result from such an axion search using a superconducting first-stage amplifier (SQUID) replacing a

conventional GaAs field-effect transistor amplifier. This experiment excludes KSVZ dark-matter axions

with masses between 3:3 !eV and 3:53 !eV and sets the stage for a definitive axion search utilizing near

quantum-limited SQUID amplifiers.

DOI: 10.1103/PhysRevLett.104.041301 PACS numbers: 95.35.+d, 14.80.Va, 95.55.Vj

The axion is a hypothetical particle that may play a
central role in particle physics, astrophysics, and cosmol-
ogy. Axions are pseudoscalars that result from the Peccei-
Quinn solution to the strong CP problem [1–3]. Axions or
axionlike particles may also be a fundamental feature of
string theories [4]. Low-mass axions (ma in the range of
!eV to meV) may have been produced in the early uni-
verse in quantities sufficient to account for a large portion
of the cold dark matter in galactic halos [5–8]. These dark-
matter axions have extremely feeble couplings to normal
matter and radiation, but may be converted into detectable
microwave photons using the inverse Primakoff effect as
first outlined by Sikivie [9,10]. Searches based on this
technique are by far the most sensitive for low-mass
dark-matter axions. A comprehensive dark-matter axion
review can be found in [11]. In this Letter we describe
the first results from an axion search that uses a dc SQUID
(superconducting quantum interference device), which of-
fers a 2 order of magnitude improvement in the scan rate of
our search.

The Axion Dark Matter Experiment (ADMX) has been
running in various configurations at Lawrence Livermore
National Laboratory (LLNL) since 1996. The ADMX ex-
perimental configuration is sketched in Fig. 1. Virtual
photons are provided by a 7.6 T magnetic field generated
by a large superconducting solenoid with a 0.5 m diameter
bore. A cylindrical copper-plated microwave cavity is
embedded in the magnet bore, and dark-matter axions
passing through the cavity can resonantly convert into

real microwave photons with energy E ! mac
2 þ

1
2mac

2"2. With expected velocity dispersions of !"#
10$3 for virialized dark matter in our galaxy, the spread
in energy should be #10$6 or #1:2 kHz for a 5 !eV
axion. The expected power generated by axion-photon
conversions is given by [9,10],

Pa ¼ g2a##VB
2
0$aClmn minðQL;QaÞ: (1)

Here, ga## is the coupling strength of the axion to two
photons, V is the cavity volume, B0 is the magnetic field,
$a is the local axion dark-matter density, QL is the loaded
cavity quality factor [(center frequency)/(bandwidth)],
Qa # 106 is the axion signal quality factor [(axion en-
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FIG. 1. Schematic of the ADMX experiment. Photons, created
in the cavity by the conversion of axions, are picked up by the
antenna and amplified by the SQUID and HFETs. The signal is
mixed in two stages, with band-limiting filtering between, to
audio frequencies. The audio spectrum is measured and stored to
disk. Sweep oscillator A provides a reflection measurement to
enable adjustment of antenna coupling; oscillator B, weakly
coupled, allows measurement of the cavity resonant frequency.
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ADMX – HF: High Frequency – New Collaborator 
Second ADMX site: Yale University!
PI: Prof. Steve Lamoreaux!
•  New Superconducting Magnet"
  5” diameter, 20” long,  9.4 T"
•  Dilution fridge already in place."
!
!

!
NSF funded: magnet delivered and tested. !
Currently in construction phase.!
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ALPS,	  LIPPS,	  OSQAR	  	  similar	  	  
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Matched Fabry-Perots 

 
 
  

IO   
Laser  

Magnet Magnet 

Photon  
Detectors 

Basic	  concept	  –	  use	  Fabry-‐Perot	  optical	  cavities	  in	  both	  the	  production	  and	  
the	  regeneration	  magnets.	  

P!a!
Resonant =

2
" 2 F !F "P!a!

Simple

where	  	  F and F’	  	  are	  the	  finesses	  of	  the	  cavities.	  Each	  could	  be	  105 

Hoogeveen	  and	  Ziegenhagen	  (1991);	  	  Sikivie,	  DT,	  
and	  van	  Bibber	  (2007),	  Mueller	  et	  al	  (2009)	  
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§  In	  the	  order	  of	  CAST	  limits	  
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